
ADA13 743I

RESEARCH ON FIRE-RESISTANT
DIESEL FUEL FLAMMABILITY
MITIGATION MECHANISMS

INTERIM REPORT
AFLRL No. 165

By

W. D. Weatherford, Jr.
D. W. Naegeli

U.S. Army Fuels and Lubricants Research Laboratory
Southwest Research Institute

San Antonio, Texas

Under Contract to

U.S. Army Mobility Equipment Research
and Development Command

Materials, Fuels, and Lubricants Laboratory
Fort Belvoir, Virginia

Contract No. DAAK70-82.C-0001 " "
.•JUL 2 71983

Approved for public release; distribution unlimited
SA

December 1982

83 07 208



Disclaimers

The findings in this report are not to be construed as an official Department of the
Army position unless so designated by other authorized documents.

Trade names cited in this report do not constitute an official endorsement or appro-
val of the use of such commercial hardware or software.

DTIC Availability Notice

Qualified requestors may obtain copies of this report from the Defense Technical
Information Center, Cameron Station, Alexandria, Virginia 22314.

Dispositlon Instructions

DDestroy this report when no longer needed. Do not return it to the originator.

!9

iI
JI



UNCLASSIFIED
SECURITY CLASSIF ICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1 REPORT NUMBER 2. GOVT ACCESSION NO 3. RECIPIENT'S CATALOG NUMBER

AFLRL NO. 165 IAO4,3.. 7'-/3 o_-7_q.3
4. TITLE (andSub tile) 5. TYPE OF REPORT & PERIOD COVERED

RESEARCH ON FIRE-RESISTANT DIESEL FUEL Interim Report
13 May 1980 - 31 Dec 1982FLAMMABILITY MITIGATION MECHANISMS 6. PERFORMING ORG. REPORT NUMBER

SwRI-6800-111

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

W.D. Weatherford, Jr. and David Naegeli DAAK70-80-C-0001
DAAK70-82-C-0001

9. PERFORMING ORGANIZATION NAME AND ADDRESSES 10. PROGRAM ELEMENT, PROJECT. TASK

U.S. Army Fuels and Lubricants Research Lab AREA&WORK UNIT NUMBERS

Southwest Research Institute, P.O. Drawer 28510 1Tl611O2AH51FG(1); WUB57
6220 Culebra Rd., San Antonio, TX 78284

11. CONrROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
U.S. Army Mobility Equipment Research and December 1982

Development Command, Materials, Fuels and 13. NUMBER OF PAGES

Lubricants Lab. (DRDME-VF), Ft. Belvoir VA22060 51
14. MONITORING AGENCY NAME & ADDRESS 15. SECURITY CLASS. (of this report)

(ti differenr from Caontrnfling Office) Unclassified

15a. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16 DISTRIBUTION STATEMENT (of thisReport)

Approved for public release; distribution unlimited

17 DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18 SUPPLEMENTARY NOTES

19. KEY WORDS (Continuee on reverse side •f necessary and identify by block number)

Diesel Fuel Micellar Solutions
Fire-Resistant Diesel Fuel Flammability Mitigation Mechanisms
Amide/Amine/Soap Surfactants Aqueous Diesel Fuel Microemulsions

20. ABSTRACT (Continue on reverse side if necess.ry and identify by block number)
:JThe development of aqueous fire-resistant diesel fuel (FRF) microemulsions

has been reported previously. Flammability and ballistic tests reveal di-
minished mist flammability, and such tests demonstrate rapid self-extin-

y guishment of pool fires even at temperatures above the base fuel flash
point. A basic study has been conducted to develop an improved understand-

i ing of the mechanisms by which such self-extinction occurs. I• _Ii'

DD FORM 147;. 'ON OF I NOV 65 IS OBSOLETE
I JAN 73 UNCLA•SSIFIED)

SSECURITY CLASSIFICAT-ON OF THIS PAGE (When Data Entered)



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PACE (When Data Entered)

20. ABSTRACT (Cont'd)

-- An ignition-limits apparatus was developed, utilizing an evacuatable auto-
clave at one atmosphere. Measurements made with diesel fuel vapors in air,
diluted with various amounts of water vapor, established that such mixtures
containing more than about 24 mole% water vapor cannot burn.

Vapor pressure measurements, made in a modification of the same apparatus,
confirmed that FRF systems containing 10 vol% water and 6 vol% surfactant
are blanketed by equilibrium vapors contaipntn at least 24 mole% water forliquid temperatures greater than about 70W.E

The flash points of diesel fuel FRF blends containing 10 vol% water are
about the same as those of the base fuel when its flashoint is less than
about 70'C. When the base fuel flash point exceeds 70 C, no flash point is
detectable for the FRF. yt

A special apparatus was developed to measure liquid-surface evaporative
cooling and liquid-surface heating effects in the vicinity of a simulated
flame on the r RF surface. The results confirmed that evaporative cooling
effects are significant, but that they are not responsible for the self-
extinguishing properties of FRF. In fact, the data indicate that heat
traisfer effects in front of the simulated flame provide sufficient surface
heating to generate greater than the 24 mole% water vapor composition adja-
cent to the surface needed for self-extinguishment, even when the tempera-
ture of bulk liquid FRF is as low as OC.

Horizontal flame channel experiments with FRF-type blends containing 6 vol%
surfactant indicate that the lowest water content of the liquid which pre-
vents vapor burning in some dynamic situations is 5 vol% or less.

Equilibrium vapor pressure measurements indicate that FRF-type blends con-
taining 6 vol% surfactant and between about 2 and 10 vol% water are micro-
emulsions which exert equilibrium water partial pressures significantly less
than that of pure water. When the water content is less than about 1 vol%,
these systems appear to be micellar solutions with even lower equilibrium
water partial pressures.

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)



FOREWORD

This report was prepared at the U.S. Army Fuels and Lubricants Research
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Fuels and Lubricants Division, U.S. Army Mobility Equipment Research and

Development Command (MERADCOM), Fort Belvoir, Virginia 22060, with Hr. F.W.

Schaekel, DRDME-VF, serving as Contracting Officer's Representative. This

report covers the period of performance from 13 Hay 1980 to 31 December
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I. INTRODUCTION

Fire-resistant fuel f or ground vehicles has been a continuing need for the

U.S. armed forces and the transportation industry. Such fuel would reduce

the threat of fire to vehicles as well as to personnel. Accordingly, var-

ious means have been investigated for reducing fuel fire vulnerability of

Army combat vehicles by altering fuel compositions. Extensive laboratory

studies have yielded clear-to-hazy fire-resistant fuel (FRF) surfactant-

stabilized microemulsions* of water in diesel fuel. (l,2)** The surfactant

is a mixture of reaction products of diechanolamine and oleic acid. Flamma-

bility and ballistic tests reveal diminished mist flammability, and such

tests demonstrate rapid self-extinguishment of pool fires, even at tempera-.

tures above the base fuel flash point. The diminished mist flammability can

be explained, at least in part, in terms of reduced atomization stemming

from viscosity increases of 50 percent or more normally observed with FRF.

However, because of their high atomization pressures, unmodified diesel

engines experience no difficulties in starting, idling, and running on such

fuels under typical operating conditions.

The mechanisms by which water (or liquid halons) mitigate liquid hydrocarbon
flammability hazards have not been fully identified experimentally. How-

ever, results of flammability and engine experiments conducted in this la-

boratory with diesel fuel containing 5 liq. vol% bromochloromethane sug-

gested the dominance of physical mechanisms in rendering the bulk liquid

nonflammable in such systems.(3)

There are various mechanisms by which the presence of water may lead to

self-extinguishment of burning pools of these aqueous microemulsions. Based

upon well established principles of chemistry and physics, it is apparent

that various combinations and extents of the mechanisms could be operative,

depending upon the properties of the base fuel and surfactant. These ace as

follows:

*Differences between microemulsions and macroemulsi,..:s are described in the
"Discussion" section of this report.**Underscored numbers in parentheses refer to the list of references at the

end of this report.
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0 "Phase-rule" maximum liquid surface temperature restriction stem-

ming from presence of coexisting immiscible water and base fuel

phases.

• Evaporative cooling of liquid surfaces stemming from high volatil-

ity and heat of vaporization of water relative to those of base

fuels.

[ Liquid surface blanketing with water vapor leading to:

* reduced reaction rates and flame temperatures stemming from

inert-gas dilution effects.

0 energy sink effects stemming from high specific heat of

water vapor relative to air.

* frie-radical flame chemistry effects stemming from presence

of excess water in unburned gases adjacent to liquid sur-

faces.

As mentioned previously, experimental observations in this laboratory

strongly suggest that the fire resistance of pools of water-containing

diesel fuels stems predominantly from physical mechanisms. For example, if

chemical mechanisms were important, the ignition and combustion of water-

containing fuels in diesel engines would be seriously impaired, and such is

not the case. Moreover, the autoignition temperature (ASTM E 659) of sur-

factant-containing diesel fuel is not altered by the addition of up to 10

vol% water. Therefore, the chemical mechanism listed last among the above

mechanisms is not considered likely to be important in the case of fire-

resistant aqueous diesel fuel emulsions. It is listed only for the sake of

completeness.

Recognizing that the flammability mitigation exhibited by pools of fire-

resistant diesel fuels stems predominantly from physical mechanisms, it is

important to establish which of the listed mechanisms, or combinations

thereof, are dominant. The "phase rule" maximum surface-temperature re-

striction for immiscible systems has been proposed as the "essential" mech-

anism(4) of the observed fire resistance. This could well be true for

aqueous emulsions of hydrocarbon liquids which exhibit flash points (lean

limit temperatures) that are significantly higher than 100 0 C. In such

7



cases, the maximum liquid surface temperature of 100*C could not generate

flammable fuel/air mixtures. On the other hand, in the case of fire-resis-

tant diesel fuels, the flash points of the base fuels are always less than

100°C. Consequently, this physical mechant.sm would not be expected to con-

tribute to the fire resistance of such fuels, and this has been verified

experimentally as part of this study.

The relative importance of evaporative cooling and water vapor blanketing

mechanisms cannot be inferred from existing published information.(5)

Therefore, this basic study has been conducted to develop an improved un-

derstanding of the mechanisms by which aqueous diesel fuel emulsions exhibit

self-extinguishing properties in the pool-burning mode and the influences of

fuel variables thereon. After such information has been established, it

should be possible to develop more nearly optimum emulsion formulations.

8
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II. EXPERIMENTAL

The experimental research has proceeded along two distinct avenues as illu-

strated in Figure 1. One of these has developed data for correlating mea-

sured FRF vapor compob6:ions with (1) experimental flammability limits, (2)

observed horizontal flame propagation data, and (3) flash point phenomena.

The other has provided data indicating the influence of liquid fuel tempera-

ture on (1) surface heating rates and (2) steady-state surface temperatures

adjacent to a simulated, surface flame. Both have involved development or

adaptation of appropriate laboratory equipment and procedures.

A. Flammability Limits

The first area selected for study was the dilution effect of water vapor in

suppressing the flammability of combustible fuel/air mixtures. Other stu-

dies have shown that methane/air mixtures containing water vapor have re-

duced flammability and flame speed. While such data are available on the

effect of water vapor in some of the low-molecular weight hydrocarbon/air

mixtures, no data are available on the heavier, hydrocarbons common to middle

distillate fuels.

An experimental apparatus was assembled to measure the effect of water vapor

diluUion on the flammability of hydrocarbon-air mixtures. Briefly, the

apparatus, 'Ahich is illustrated in Figures 2 and 3, consists of a heated

bomb equipped with transducers and thermocouples to measure static pressure

and temperature, respectively. Vacuum generation is provided for pump-down

to dispose of gases from previous experiments; for induction of water and

fuel vapors from separately controlled, heated, liquid-filled reservoirs;

and for induction of conditioned air to achieve the desired total pressure

for each experiment. The tube which brings the reactants into the bomb is

designed to create swirl to assure adeqtvite mixing. Fuel and water are

admitted to the bomb as gases through heated lines, and concentrations are

determined by measuring the partial pressure of each component as it is

added. The entire system is kept at a constant temperature of approximately

900C to prevent condensation of fuel or water vapors. A high-voltage spark

provides an overwhelming ignition source within the bomb, and flame propaga-

tion is detected by a pressure rise in the system.

9
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The flammability measurements were performed at atmospheric pressure, so

immediately prior to ignition, the air inlet tube was opened. A pressure

rise in the bomb was accompanied by an abrupt issuance of gas from the air

inlet tube. This was detected by placing a very small metal foil cup over
the vertically oriented air inlet tube. The most minute gas f low from the •

bomb would tip the cup and indicate flame propagation. This air inlet tube

was a capillary with an ID of about one millimeter so there was no possibil-

ity of the composition changing in the bomb in the short time (-2 sec) that

it was open before ignition. This method of detecting pressure rise was

much more sensitive than a transducer would have been which could cover the

wide range of pressure rises encountered in these experiments.

For low-boiling hydrocarbon fractions, the heated fuel reservoir can be used

to supply to the bomb a vapor mixture which has been equilibrated at pre-

selected conditions of temperature and vapor-liquid ratio. However, in the

case of the diesel fuels of interest to this study, it proved difficult to

generate sufficient vapors to achieve the desired fuel partial pressures in

the bomb. Consequently, as an alternative approach, 1 vol% of each of the

three different diesel fuels to be studied was distilled at zero reflux to

yield a totally vaporizable fraction far use in the flammability limits

apparatus. Analyses of these fractions and of vapors evolved from the total

fuels at the flash point temperature indicate thet composition differences

among the 1 percent fractions are representative of flash point vapor compo-

sition differences. These three base fuels, Nos. 9295, 7225, ani 8821,

displayed flash points of 450, 600, and 72*C, respectively.

The flammability limits apparatus was calibrated with isooctane. A flam-

mability limits diagram for the isooctane vapor/water vapor/air system was

determined, and this is presented as Figure 4. The results are in reason-
able agreement with literature values (6) for the rich and lean limits of

neat isooctane. No literature data on isooctane/air/water vapor could be

found. Results of flammability measurements on the diesel fuel vapor/water

vapor/air mixtures are presented in Figures 5, 6 and 7. The peak of the

flammability diagram, i.e., the water vapor content at which the lean and

rich flammability limits converge, occurs in the range of 2 to 2.5 mole

percent fuel vapor and 23 to 24 mole percent water vapor, which is similar

to that observed for the isooctane calibration fuel.

12
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The data for the 45%, 60, and 72*C flash point diesel fuels (Figures 5, 6,

and 7) are presented as a composite flammability limits diagram in Figure 8.

As in the case of Figures 5, 6, and 7, the flammable region envelope is

drawn to include all ignitions, and, as a result, it also includes some non-

ignitions. Based on this composite diagram, diesel fuel vapors containing

more than about 24 mole percent water vapor shcl.id be nonflammable.

6 EGENDI
o0 + IGNITION

4tD 00 NO IGNITION, 00
5+ 0

0 +0 MOL\E PERCENT02
-*0 + + 0

+*o +.~+. o
0• 0\

+ ++ + +f + 0

+ +++
3 + + ++++4+..•

+ 0 0 ý

+ 03 5 ý

20 1NONF 1 ý

0 5 10 15 20 25 30

MOLE PERCENT WATER VAPOR

FIGURE 8. COMPOSITE FLAMMABILITY DIAGRAM FOR 450, 600, AND 72*C
FLASH POINT DIESEL FUELS

B. Vapor Pressures

At the completion of the foregoing experiments, a portion of the apparatus

for measuring flammability limits was modified to accommodate the measure-

I ment of vapor pressure. The purpose was to determine if water-in-fuel

microemulsions are truly immiscible systems. Earlier work conducted else-

where for the Army Research Office (ARO)(4) indicated that water-in-fuel

macroemulsions were immiscible systems, i.e., the vapor pressure of water

15
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above the macroemulsion was about the same as that of pure water and did not

depend on the concentration of water in the emulsion. However, for the

present work, it was recognized that the vapor pressure of water could be

concentration dependent in microemulsions.

The apparatus modification comprised replacing one of the heated reservoirs1i shown in Figure 2 with an aluminum cell designed for precise temperature

control (in a regulated bath) and measurement (Figure 9). The fuel sample

in this container is frozen with a dry ice/acetone bath, and it is then

pumped down, thawed, and pumped down again, successively, until the residual
-4

pressure is well below 10 atm, thereby removing all noncondensable gases

from the fuel sample. The vapor pres-

sure is then measured directly with the
(a appropriate pressure transducer in the

-- apparatus illustrated in Figure 2 as

the deaerated fuel in the aluminum

block is allowed to equilibrate at var-

ious temperatures, ranging from 10 to
TOP VIEW 100 0 C.

Vapor pressure measurements were made
-2" at 320, 490, 660 and 77*C on neat

4 diesel fuel and blends containing 2 to

/8' •13 vol% surfactant and 0.04 to 16 vol%SIPS
I water. Measurements made on pure

water were consistent with vapor pres-

sure tabulations in the literature and

3/81" showed that the apparatus could yield
"030 DRILL accurate data. Off-gassing during ex-

SECTION A-A periments with diesel fuel containing 6
FIGURE 9. DRAWING OF VAPOR vol% surfactant indicated the presence

PRESSURE CELL
of dissolved water ifi the neat surfac-

tant. This was subsequently confirmed and accounted for by chemical analy-

sis. Temperature control of the system proved to be the most critical fac-

tor in achieving repeatability. The results of the measurements made on the

16



various water/fuel blends are presented in Tables 1 and 2 and Figures 10 and

11.

TABLE 1. EXPERIMENTAL WATER VAPOR PARTIAL PRESSURES OVER AQUEOUS
DIESEL FUEL BLENDS WITH 84/6 FUEL/SURFACTANT VOLUME RATIO

Moles Water Relative
Vol% per Mole Vapor Pressure, atm Vapor Pressure, p/p°
Water Surfactant* 32°C 49%C 66'C 77C 32°C 49°C 66wC 77°C

0.07 0.17 -- -- - 0.033 -- -- - 0.085

0.20 0.49 0.0016 0.016 0.039 0.090 0.035 0.141 0.161 0.23
0.49 1.25 0.013 0.038 0.094 0.165 0.28 0.34 0.39 0.42
0.62 1.58 0.016 0.048 0.118 0.187 0.34 0.43 0.49 0.48
1.13 2.9 0.025 0.063 0.147 0.244 0.55 0.57 0.61 0.62
2.5 6.6 0.028 0.082 0.179 0.321 0.62 0.75 0.74 0.82
4.7 12.4 0.033 0.083 0.196 0.315 0.72 0.75 0.81 0.81
8.8 24.4 0.031 0.089 0.199 0.341 0.66 0.81 0.82 0.87

100.0 00 0.046 0.110 0.242 0.391 1.00 1.00 1.00 1.00

*Surfactant molecular weight: 301 g mol/g

TABLE 2. EXPERIMENTAL WATER VAPOR PARTIAL PRESSURES OVER AQUEOUS
DIESEL FUEL BLENDS WITH VARIOUS FUEL/SURFACTANT RATIOS

Moles Water Water Vapor Pressure at 660C

Vol % Vol % Per Mole Absolute, Relative to
Water Surfactant Surfactant atm Pure Water, p/p°

0.036 2.2 0.27 0.007 0.029
0.088 2.2 0.67 0.035 0.145
0.152 2.2 1.16 0.073 0.30
0.188 2.2 1.43 0.102 0.42
0.39 2.2 3.0 0.141 0.58
0.78 2.2 6.0 0.173 0.71
1.65 2.2 12.7 0.189 0.78
3.3 2.2 25.8 0.194 0.80
0.067 6.7 0.17 0.000 0.000
0.196 6.7 0.49 0.039 0.161
0.49 6.6 1.25 0.094 0.39
0.62 6.6 1.58 0.118 0.49
1.13 6.6 2.9 0.147 0.61
2.5 6.5 6.6 0.179 0.74
4.7 6.4 12.4 0.196 0.81
8.8 6.1 24.4 0.199 0.82
0.104 13.3 0.13 0.005 0.021
0.37 13.3 0.46 0.042 0.174

0.74 13.2 0.94 0.087 0.36
1.13 13.2 1.45 0.117 0.48
1.70 13.1 2.2 0.146 0.60
4.6 12.7 6.2 0.174 0.72
8.6 12.2 10.9 0.191 0.79

16.1 11.2 24.5 0.190 0.79
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In Figure 10, the equilibrium partial pressure of water is correlated with

the water content of the liquid at various temperatures. These data show at

least two regimes of differing phase behavior as the water content of a

fuel/surfactant solution is varied. The results suggest a transition from

micellar solutions*, at low water contents, to microemulsions*, at higher

water contents. The water content at the intersection of the linear corre-

lations varies from about I to 2 vol% as the temperature is increased from

320 to 770C.

The data on effects of surfactant concentration at 66 0 C are correlated in

terms of water partial pressure and water content in Figure 11. The data

for the three surfactant-content levels could be brought closer together by

correlating them in terms of water/surfactant volume ratio or mole ratio,

but they would not be superimposed by such manipulations.

When the correlated lines of Figure 10 are transposed into relative pres-

sures (i.e., the partial pressure of water divided by its absolute vapor

pressure), the low-water-content lines converge when extrapolated to the

vapor pressure of water at about 6 vol% water in the fuel/water/ surf actant

liquid, as illustrated in Figure 12. Similarly, the transposed correlated

lines for the concentration range above 1-2 liq vol% water converge when

extrapolated to the vapor pressure of water at 100 percent water in the

liquid.

The correlated vapor pressure data of Figure 10 also ire cross-plotted in

Figure 13, expressed as equilibrium, one-atmosphere vapor compositions ver-

sus liquid temperature, for constant liquid water contents. Based on this

correlation, the temperature at which the equilibrium vapor over FRF is 24

mole percent water is about 69 0C. This corresponds to ?:he tip of the f lam-

mability envelope of Figure 8.

The smoothed water vapor pressure data of Figure 10 were cross-plotted as
the logarithm of vapor pressure versus the reciprocal absolute temperature

to derive the Clausius-Clapeyron heat of vaporization. The results of this

*Differences between micellar solutions and microemulsions are described in

the "Discussion" section of this report.
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plot which are presented in Figure 14 indicate a discontinuous relationship

in the transition region between about 1 and 2 vol% water in the liquid.

This may be an artifact of the data smoothing, or it may reflect the dif -

ferences between micellar solution molecular processes and microemulsifica-

Ltion phenomena. A Clausius-Clapeyron plot was also derived from the rela- !

tive vapor pressure, P/Po correlation of Figure 12, using the curves for I

8000

less than 2 vol% water in this care, the slopes yield the difference

b~etA;een the heats of vaporization of water from the micellar solution and

from pure water. The resulting ,,differential heats of solution" are por-

trayed in Figure 15.

} The foregoing results for systems containing 84/6 vol/vol ratio of fuel to

surfactant indicate that in the microemulsion composition range, >2 vol%

water, the water heat of vaporization is only slightly greater than that

calculated for pure water. On the other hand, as the water content isles tan2 ol wte I tiscae, heslpe yel te ife21c
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decreased below about 1 vel%, the derived "heat of solution" increases

rapidly, evidently reflecting the importance of hydrogen bonding in micelle

formation. This further strengthens the premise expressed earlier that the

transition in vapor pressure trends observed in the 1 to 2 vol% water range

is the boundary between micellar solutions and microemulsions.

The vapor pressure curve measured for the neat DF-2 base fuel used in the

foregoing FRF-type blends is presented in Figure 16. These results reveal

substantially higher vapor pressures for the neat fuel than would be en-

countered in actual practice. These data suggest a flash point of -30*C

whereas the actual measured flash point was 72*C. It appeared that the fuel

sample contained trace volatile ingredients which would be lost rapidly upon

Sopen exposure to normal ambient or higher temperatures such as in a flash

point apparatus. The volatiles were not excluded in the previously-

described vapor pressure apparatus because the sample was maintained at

cryogenic temperatures when it was exposed to a vacuum. Accordingly, the

- correlation of Figure 16 has been presented only for the sake of complete-

* ness, but it is not considered representative of the volatility under re-

alistic exposure conditions.
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C. Particle Size Measurements

In order to develop additional information on the effects of water content

on FRF-type blends, two of the samples used for vapor pressure measurements

were also subjected to drop-et size measurements by photon correlation

spectroscopy (PCS). Each of the samples exhibited strong Rayleigh scatter-

ing. In this technique, a vertically polarized laser beam is scattered by

the suspension of droplets.

A special photomultiplier detects single photons scattered in the horizontal

plane at a given angle from the incident bea-n. Since rthe droplets are in

random thermal (Brownian) motion, there is a fluctuation in time of the

number of scatterers in the scattering volume seen by the detector. In

effect, the droplets (particles) are continually diffusing about their

equilibrium positions. This concentration fluctuation causes a fluctuation

in time of the detected light. By analyzing the intens,.y fluctuations, the

diffusion coefficient of the droplets, which is inversely related to the

droplet size, is obtained. Assuming the droplets within each of the emul-

sion samples to be rigid monodispersed spheres, their solvated or hydrody-

namic diameters were calculated, and the results are presented in Table 3.

23
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TABLE 3. APPARENT DIAMETERS OF MICROEMULSION DROPLETS

Moles Water
Vol % per Mole Apparent Droplet
Water* Surf actant Diameter**, A

32%C 490C 66-C

1.13 2.9 43 .. ..
4.7 12.4 241 171 166

*Samples filtered repeatedly through 0.4 um polycarbonate-type filter.
**Data reduction based on density and refractive index of base fuel at test

temperature.

These results provide an additional indication that blends containing about

1 vol% water or less are dispersions of swollen micelles (micellar solu-

tions) in contrast with higher water-content blends which contain surfac-

tant-sheathed water droplets (microemulsions)*.

D. Horizontal Flame Propagation

In order to relate the experimental flammability limits and vapor pressure

data to the flammability characteristics of FRF, a series of experiments was

conducted in a controlled-temperature, horizontal, flame propagation chan-

nel. The device, which is illustrated in Figure 17, comprises a test liquid

channel 8.5 cm wide, 4 cm deep, and 61 cm long (inside dimensions), open on

top. A closed, heat-transfer fluid chamber of identical, but inverted,
dimensions forms the base of the channel. In these experiments, the fuel

was preheated to 77C in a closed vessel, while the channel was equilibrated

at 77 0 C. In each experiment, the channel was fully filled with the test

fluid, and the illustrated wick was placed in the liquid 15 cm from one end

of the channel. The wick was then lighted at one end, and the time required

for the flame to depart from the wick (induction period) and the additional

*Differences between micellar solutions and microemulsions are described in

the "Discussion" section of this report.
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FIGURE 17. ILLUSTRATION OF CONTROLLED-TEMPERAT.JRE HORIZONTAL
FLAME PROPAGATION CHANNEL

time required for it to traverse the length of the channel were recorded.

Results thus obtained with fuel-plus-surfactant blends containing 10, 5, 1,

0.5, and 0 vol% added water are presented in Table 4 and discussed in a

later section of this report.

E. Flash Point Phenomena

Apparent flash point anomalies were observed with various batches of FRF

m&de with the same or with different base fuels. These were re-examined by , U

"conducting flash point measurements on a series of 10 vol% water, FRF blends I
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TABLE 4. SUMMARY OF FLAME CHANNEL POOL BURNING DATA FOR

WATER-CONTAINING, SURFACTANT-STABILIZED, 72"C (162-F) FLASH POINT

DIESEL FUEL AT 77-C (170-F)

Channel
Induction Traverse

Period, sec Time, sec
r.e

Base Fuel (3)* 63 ± 25 27 ± 3
(Undulating Wick Flame)

93.5 vol% Base Fuel, 0.5 15 ± 6 36 ± 2
vol% Water, and 6 vol% (Undulating Wick Flame)
Surf actant (2)*

93.0 vol% Base Fuel, 1.0 >1200 No Ignition
vol% Water, and 6 vol% (Undulating Wick Flame) of Pool
Surf actant (2)*

89 vol% Base Fuel, 5 >1200 No Ignition
vol% Water, and 6 vol% (Steady Wick Flame) of Pool
Surfactant (1)*

84 vol% Base Fuel, 10 >1200 No Ignition
vol% Water, and 6 vol% (Steady Wick Flame) of Pool
Surfactant FRF (1)*

* Number in parentheses denotes the number of tests.

in which the surf actant content was varied from I to 13 vol%, In 1-percent

steps, using the reference base fuel, No. 8821. Such measurements were also

made on 10 vol% water, FRF blends containing 1, 6, and 10 vol% surfactant,

using a lower flash point base fuel, No. 7908. Results of these tests are

presented in Table 5 together with flash point data previously obtained with

these and other base fuels. Table 5 also includes results of mist flamma-

bility evaluations.

The flash point data demonstrate complex results. Flash points were ob-

served with FRF blends prepared from base fuels having flash points of less

than 70°C. With FRF blends made from higher flash point base fuels (70*C

or greater), the pilot flame was extinguished by the vapors escaping from

the apparatus. During the course of these tests, blowout of the pilot flame

was observed between 770 and 82°C. Upon further increase of temperature, a
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TABLE 5. FLAMMABILITY OF FRF BLENDS

Cleveland
Pensky Martens Closed Cup Flash Open Cup

Code No. Test (1)(ASTh D 93) (ASTM D 92) AFLRL Mist
of DF-2 Volume % Pilot Outside Flash Fire Flashbac_.

Base Fuel Surfactant Water Blowout, 'C Flash, *C Point, 6C Point, C Rating cm)

7225 0 0 .. ... 60,61 84 22
I 1 ---... 64 90 ---

3-5 5 ... 66,66 94 -

6 10 --- 60,61,65, 100,103 17,15
66,67

6 10 77 82 NF ......
10 10 77 82 NF
610-16 ---.--- ----......

7908 0 0 --- 54,54 ..
1 10 77 85 NF ......
6 10 --- 58,58
10 10 77 85 NF

7907 0 0 - --- 63 ......

6 10 .... NF

7996 0 0 ..--- 68
6 i0 ..--- NF ..

8821 0 0 .... 70,72 ....
1 10 77 93 NF ......
2 10 77 93 NF ......
3 10 77 93 NF ---...

4 10 77 88 NF --- --

5 10 77 88 NF ..
6 10 77 88 NF ..
7 10 82 91 NF P-- -

8 10 82 91 NF P.....
9 10 82 91 NF ---....
10 10 77,77 93.82 NF

11 10 77 82 NF --- ---

12 10 77,77 84,82 Nr ......
13 10 77 82 NF --- ---

8445 0 0 ..--- 75
6 10 ---.-.. NF ---....

7931 0 0 ---... 88-
6 10 ..... --- F ---....

(1)"NF" means no normal flash point could be observed. All values are the average of at
least two tests, including those rated "WP".

(2)Reference 1.

flash was observed (between 820 and 93*C) outside of the cup, near the

external relight flame, as the window of the apparatus was opened. Appar-

ently, a flammable mixture formed as vapors escaped from the closed cup and

mixed with air. When the liquid temperature in the apparatus reached 100*C,

vigorous boiling was observed, at which time the tests were terminated. If

a normal flash point was not detectable, the letters "NF" appear in Table 5.

It should be noted that in each occurrence of "NF" a duplicate run was 1 3
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performed to substantiate the results. The flammability mitigation mecha-

nism implications of these results are discussed in a subsequent section of

this report.

F. Liquid Surface Heating Phenomena

An apparatus was developed for investigating evaporative cooling effects on

flame propagation over aqueous diesel fuel microemulsions. The design and

operating principles of this apparatus and experimental results obtained

with it are described and discussed in the following paragraphs.

The device, which is illustrated in Figures 18, 19, and 20, comprises a test

liquid channel 8.5 cm wide, 4 cm deep, and 61 cm long (inside dimensions),

open on top. A closed, heat-transfer fluid chamber of identical, but in-

verted, dimensions forms the base of the channel. Aluminum plates form

walls on the sides and one end of the channel, extending 11 cm above the top

edges of the test liquid channel. Fast response thermocouples are posi-

tioned at the midpoint of the test liquid channel (bulk liquid temperature);

just within the liquid surface 6 mm from the midpoint of the outer surface

of a horizontal cylindrical electric heater which is half submerged in the

liquid surface (liquid surface temperature); and at the midpoint of the

heat-transfer fluid chamber (channel temperature).

During an experiment, the channel and test liquid are preheated to several

degrees C above the desired test temperature. After the liquid is trans-

ferred into the channel (via a long-stem funnel) and becomes quiescent, all

temperatures are noted, a strip-chart recorder is started, and the semi-

submerged heater (flame simulator) is energized at a preset voltage. After

5-10 minutes, the experiment is terminated and all temperatures noted. As

shown in Figure 21, the strip-chart recording of the liquid surface temper-

ature is processed by measuring the linear slope of the trace (fluctuating)

of the surface temperature-versus-time to obtain the surface heating rate.

The fluctuations are believed to reflect randomly undulating surface flow

"schlieren" stemming from localized variations in heat transfer along the
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FIGURE 18. PHOTOGRWH OF FLAME-PROPAGATION-SIMLATOR
FUEL CHANNEL
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FIGURE 20. DIMENSIONAL DRAWING OF
FLAME-PROPAGATION-SIMULATOR FUEL CHANNEL

flame simulator surface. Preliminary experiments indicated that the average

surface heating rate does not change for thermocouple positions ranging from

3 mm to 25 mm distance from the flame simulator heater. The quasi-equili-
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brium surface temperature is the steady-state average temperature indicated

by the recorder trace after 5-10 minutes.

Experiments were conducted with FRF and neat base fuel at initial bulk

liquid temperatures ranging from 0 to 74*C, and the data are summarized in

Table 6.

The effects of initial bulk liquid temperature on liquid surface heating

rates of neat fuel and FRF are shown in Figures 22 and 23. These effects

are more pronounced with FRF than with neat fuel, and they indicate sub-

stantial influences of high viscosity at OC and significant evaporative

cooling and/or surface-tension-gradient effects at bulk liquid temperatures

above about 50*C.

In Figures 24 and 25 the steady-state liquid surface temperature is shown to

increase with increasing initial bulk liquid temperature. The fact that the

steady-state surface temperature of FRF is lower than that of neat base fuel

when the initial bulk liquid temperature is greater than about 30 0 C provides

strong evidence that surface evaporative cooling contributes to the horizon-

tal flame propagation characteristics of FRF. The FRF surface temperature

approaches a constant value of about 58*-660 C as the intitial bulk liquid

temperature is decreased and is higher than that of neat diesel fuel below

about 15*C.

Figure 26 graphically portrays the direct influence of water content on the

liquid surface heating rate of aqueous diesel fuel microemulsions/micellar

solutions at 770 C. It is of particular interest that the apparent attenua-

tion of the surface heating rate by increasing liquid water content between

0.5 and 10 vol% water parallels increasing water vapor pressure in a similar

water composition range (Figure 10). Actually, this is not unexpected since

the rate of evaporation from a liquid surface is proportional to the vapor

pressure on the liquid side of the gaseous boundary layer.Q(7)
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TABLE 6. FUEL CHANNEL TRANSIENT DATA
Initial Quasi-Equilibrium

Vapor Pressure, Surface Surface Condition (4)
Bulk Fuel (I) atm(2) Heating Vapor Excess

Temperature, *C Base Water in Rate(3), Temp, Pressure Temp(5),
Fuel Initial Final Fuel FRF *C/min OC atm(2) cc

DF-2* 74 79 0.04 - 6 107 0.07 28
0.5% H O** 73 76 0.04 0.2 6 102 0.2 26
1.0% H20** 74 78 0.04 0.2 5 101 0.2 23

5.%25.0% H 0** 74 78 0.04 0.3 2 88 0.3 10
FRF*** 2 74 77 0.04 0.3 0.6 83 0.5 6H0 73 74 ..- -0.1 88 0.7 14

DF-2 70 73 0.04 - 6 103 0.06 30
DF-2 70 72 0.04 -- 6 102 0.06 30
DF-2 69 72 0.04 - 6 103 0.06 31
DF-2 69 72 0.01 -- 6 .. ....
DF-2 -- 70 0.04 - 6 104 0.06 34
DF-2 69 71 0.04 - 6 104 0.06 33
DF-2 69 71 0.04 - 6 - - -
FRF 69 72 0.04 0.2 0.8 84 0.5 12
FRF 71 72 0.04 0.2 0.7 83 0.5 11
FRF -- 70 0.04 0.2 0.7 81 0.4 11

DF-2 -- 68 0.03 - 6

DF-2 62 63 0.03 - 6 86 0.05 23
DF-2 58 64 0.03 -- 7 92 0.05 28
FRF 63 63 0.03 0.2 2 74 0.3 11
FRF 58 62 0.03 0.2 2 77 0.3 15

DF-2 45 48 0.02 -- 7 83 0.05 35
DF-2 46 51 0.02 -- 7 77 0.04 26
FRF 44 47 0.02 0.1 6 .. ....
FRF 46 49 0.02 0.1 6 76 0.3 27
H20 45 47 .... 0.2 77 0.4 30

FRF 28 31 0.01 0.03 6 63 0.2 32
FRF 28 32 0.01 0.03 7 67 0.2 35

DF-2 18 24 (0.005) -- 7 65 0.2 41
FRF 18 24 (0.005) (0.02) 6 67 0.2 43

DF-2 9 14 (0.003) - 6 53 0.1 39
FRF 9 14 (0.003) (0.01) 7 59 0.1 i 5
FRF 9 14 (0.003) (0.01) 6 65 0.2 45

DF-2 0 8 (0.002) -- 6 47 0.1 39
DF-2 0 8 (0.002) - 6 46 0.1 38
FRF 2 7 (0.002) (0.01) 10 66 0.2 59
FRF 2 7 (0.002) (0.01) 11 65 0.2 58

(1)Thermocouple immersed in center of channel.
(2)Correlated data of this project (data in parentheses are extrapolated).
C3)Maximum linear slope.
(4)Steady values 5-10 minutes after heater energized (185 watts).
(5)Surface temperature (6 mm from semi-sumberged heater) minus bulk temperature,

both 5 minutes after heater energized.
*DF-2, Code 8821
**Various water contents in 84/6 (v/v) base fuel/surfactant mixture.
***FRF signifies 10 vol% water in 84/6 (v/v) base fuel/surfactant mixture.
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.DISCUSSION

A. Inter-relationships Among Observed Vapor Pres~sure, Flammability Limits, 1

Flash Points, andPool Flame Propagation,.

The correlated vapor pressure data of Figure 10 for 77°C are shown in Figure

27. As demonstrated by these data, the equilibrium water vapor partial

pressure over FRF liquids containing varying amounts of water exhibits sig-

nificant concentration dependence and is substantially less than the vapor

pressure of pure water. The equilibrium water vapor pressure data for l';-ss

than 1-2 vol% water in the liquid are linear in this semllog plot, and the

data for more than 1-2 vol% water extrapolate linearly in this plot to the

. . .
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value for 100 percent liquid water (100 percent not shown). The transitions

in slope between these linear regions of the plots suggestn a transition in

the nature of the liquid phases. It should be noted that if these various

blends behaved as true immiscible systems, the value for pure liquid water

would have been observed in each case; hence, all of these liquids appear to

behave as "nonideal solutions" rather than as immiscible systems.

These observed transitions in slopes between high water concentrations and

low water concentrations are not in disagreement with published observa-

tions. It has been predicted theoretically (8) and observed experimentally

(9,10) in isooctane/aerosol OT/water systems that when the volumetric ratio

of surfactait to water is more than about 4, the systems behave as micellar

solutions. In such solutions, the polar heads of the surfactanL molecules

are interlinked by hydrogen bonding, via bound water, forming "swollen"

micelles.(9) With larger volumes of added water, a discrete water phase is

present within each surfactant-surrounded droplet, and the cystems behave as 1
either microemulsions or macroemulsions, depending en the amount of water !

present and other system parameters*, With FRY-type syatems, the above-

mcqtioned surfactant-water ratio of 4 lies within the slopr transition

region of Figure 27. Hence, this transition could correspond to a transi-

tion between microemulsions and micellar solutlons.

The results of pool flame propagation experiments are also superposed in
Figure 27. The peak flammability of 24 mole percent water vapor derived

from the composite plot of Figure 8 is also sho.- in Figure 27 where it

displays quantitative agreement with the indicated pool flame propagation

results. FRF-type blends having equilibrium vapors containing less than 24

*Microemulsions are kinetically or thermodynamically stable dispersions -f
surfactant-sheathed droplets. The droplet dimensions are in the same range
as very large molecules and they experience Brownian motion.(9) Because of
the small sizai of the droplets relative to the wave length of light, micro-
emulsions range in appearance from tran3parent to translucent. Macroemul-
sions, on the o'cher hand, are opaque suspensions of larger droplets which
may experience sedimentation.(Q1) The properties of the droplet interfaces
approach those of the droplet liquid rather than those of a surfactant
sheath as ir the case of microemulsicnsn Hence, the thermophysical proper-
ties of macroemulsions approach those of mixed immiscible phases. (4)
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percent mole water exhibit pool flame propagation whereas those producing

higher water-content vapors do not, In fact, the case where the liquid
contains I vol%,water (24 mole% water in the equilibrium vapor) displayed an

undulated wick flame which was almost capable of departing from the wick,

whereas the wick flame was steady for FRF-type blends containing 5 liquid

vol% or more water.

Combining the correlations of Figures 8 and 14 yields the correlation shown

in Figure 28. This derived flammability diagram correlates the liquid sur-

face temperature of aqueous diesel fuel microemulsions with the measured

vapor flammability characteristics. It represents an alternative flammabil-

C-0 
VOLU;IL PERCENT

C- 5 0.5_

FL?4ABE k' •ATER IN LIQIJID

49 0.5.0 NONFLMAL""- oA WABLABL£ !
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FRF LIQUID SURFACE TEMPERATURE, -C

FIGURE 28. EQUILIBRIUM FLAMMABILITY DIAGRAM FOR
FRF-TYPE FUEL-WATER BLENDS AT ONE ATMOSPHERE

ity diagram with which the absence of measurable FRF flash points above 70*C

can be directly explained, Moreover, this correlation of liquid surf ace

i ~temperature with flammable vapor compositions, all well below IO00%, rules

Y• ' out the "phase rule" lO000C maximum surf ace temperature mechanism postulated •

Sin the literature.(L4)
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The data of Figure 28 indicate that FRF blends at temperatures less than

about 70%C should not be self-extinguishing. However, results of the simu-

lated pool flame experiments provide a satisfactory explanation of the FRF

self-extinguishment which has been observed in AFLRL ballistic tests at

temperatures down to about 20*C (ballistic tests were not conducted at lower

temperatures). The leveling-out of surface temperatures at 58*-66*C with
decreasing bulk liquid temperatures shown in Figure 25 indicates that the

higher viscosities of FRF at lower temperatures*, and/or other rheological

effects, retard convective heat transfer in the liquid surface. Therefore,

the temperature of the liquid surface near the flame simulator remains high

enough to produce the water vapor blanket required for self-extinguishment.

B. Ability of FRF to Burn in Mist Fonr and On Wicks

The self-extinguishing character of aqueous diesel fuel microemulsions is

exhibited only in the pool-burning mode where the fuel/air/water vapor

mixture composition is determined by partial vaporization controlled by the

volatility characteristics of the Ingredients of the liquid fuel/water

mixture. Self-extinguishment does not necessarily occur when the amount nf

air in the mixture can vary independently. For example, in the case of

total vaporization of droplets of fuel/water mixture or total vaporization

from a wick, flammable mixtures can result even when the fuel/air/water

vapor mixture which would exist adjacent to the bulk liquid surface at the

same temperature would be too rich in fuel vapor or water vapor to support

combustion.

This phenomenon is best understood within the framework of a typical hydro-

carbon flamma -ilty diagram such as that illustrated qualitatively in Figure

29. After a droplet is totally vaporized, or a fuel/water mixture is vapo-

rized from a steady-state wick, the fuel/water ratio becomes fixed. As this

*At temperatures from above 50'C to less than 20*C, the viscosity of FRF is
normally about 50 percent greater than that of its base fuel. However, at
OC, the FRF viscosity is more than twice that of its base fuel.
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vapor mixture is diluted with air, the water/fuel ratio does not change;

therefore, its composition must follow a linear path which intersects the

origin of the graph in Figure 29. A nonflammable vapor mixture thereby may

become flammable upon mixing with air.(12) This behavior is consistent with

the experimentally observed mist and wick flammability of FRF and with the

external flashes observed when measuring the flash points of some FRF blends

with high flash point base fuels (>70 0 C). The fact that FRF exhibits dimin-

ished mist flammability, relative to neat fuel, during ballistic and impact

dispersion exposure modes may stem, at least in part, from such phenomena.

Delays in ignition could result as the totally vaporized droplet mixes with

air before its composition enters the flammable range.

IV, CONCLUSIONS

It has been established that the fire resistance exhibited by aqueous diesel
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fuel microemulsions stems from the combination of mechanisms which are

manifested as the nonflammable region of a water-vapor versus fael-vapor

composition diagram. The minimum pool surface temperature required f or

achieving such nonflammable vapor compositions has been established. It has

been further established that the liquid surface in front of a flame

attempting to propagate across a pool of FRF approaches this minimum temper-

sture requirement regardless of the bulk liquid temperature (above OC).

This minimum temperature could not have been predicted from basic principles

because it was established by this study that the vapor pressure of FRF

microemulsions is substantially less than it would be for classical immis-

cible water/fuel systems.

Equilibrium vapor pressure measurements indicate that FRF-type blends con-

taining 6 volZ surfactant and between about 2 and 10 vol% water are micro-

emulsions which exert equilibrium water partial pressures significantly less

than that of pure water. When the water content is less than about 1 vol%,

these systems appear to be micellar solutions with even lower equilibrium

water partial pressures.

The experimentally-derived conclusions and the quantitative vapor pressure

and vapor-phase flammability-limits data for water/diesel fuel microemul-

sions presented in this report represent substantial contributions to the

literature in this area. The conclusions are summarized as follows.

Water Vapor Blanketing Is Shown to be the Predominant FRF Self-Extinguish-

ment Mechanism

"* Measurements of flammability limits of diesel fuel vapors in air di-

luted with various amounts of water vapor establish that such mixtures

containing more than about 24 mole% water vapor cannot burn.

"* Vapor pressure measurements confirm that FRF systems containing 10 vol%

water are blanketed by equilibrium vapors containing at least 24 mole%

water for liquid temperatures greater than about 70*C.

"* The flash points of FRF blends containing 10 vol% water are about the

same as those of the neat DF-2 fuel when the flash point is less than

about 70 0 C. When the flash point of the base fuel exceeds 70*C, the
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FRF does not exhibit a flash point. For these latter FRF blends, the

partial vapor pressure of water is higher than the 24-mole-percent

vapor phase composition limit for flammability.

Surface Thermophysical Effects Are Evident

"* Evaporative cooling effects are significant, but they are not respon-
sible for the self-extinguishing properties of FRF.

"* Reduced convective heat transfer in the liquid surface results in pre-

heating of the surface ahead of flame to 60°-70°C when bulk fuel temp-

erature is as low as O°C.

Pool Flame Propagation Results Indicate That as Low as 5 Vol % Water Content

Can Prevent Sustained Ignition of FRF Liquid Surface, Depending Upon The Ex-

posure

* Ballistic tests using 3.2-inch shaped charges showed FRF with 5 vol%

water to be self-extinguishing.

* Ballistic tests using 20-mm HEIT rounds showed FRF with 5 vol% water

to be non-self-extinguishing.

Specialized Experimental Equipment Developed for This Study Is Effective

* Vapor flammability apparatus

* Vapor pressure apparatus

0 Surface thermophysical effects apparatus

V. RECOMMENDATIONS

* The influence of FRF bulk fuel temperature on surface temperatures

ahead of an actual flame should be studied.

0 Exploiting the results of this investigation, a study should be con-I •ducted to examine the influence of alternate surfactant systems on the

flammability mitigation characteristics of water-containing diesel fuel

blends.
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APPENDIX

Fuel Properties
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TABLE A-2. PROPERTIES OF CITED FUELS

Property (Fuel Code) . (7931) (7996)

Gravity, APIO @ 15.50C 33.8 35.3
2 Density, g/ml @ 15.5-C 0.856 0.848

Flash point, PMCC, °C('F) 88(191) 68(155)

Distribution, ASTM D 86,
C°C(°F)

IBP 223(433) 183(362)5% 228(442) 209(408)10% 233(452) 221(430)15% 238(460) 230(446)20% 243(470) 236(456)30% 250(482) 246(474)40% 252(486) 256(492)50% 264 (507) 263 (506)60% 273(523) 272(522)70% 281 (538) 282(540)80% 290 (554) 293 (560)90% 306(582) 310(590)95% 318(604) 321(610)EP 337(638) 333(632)

S
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4
LIST OF ABLREVIATIONS AND ACRONYMS

AFLRL: U.S. Army Fuels and Lubricants Research Laboratory

ARO: U.S. Army Research Office

AST14: American Society for Testing and Materials

DoD: Department of Defense

FRF: Fire-resistant fuel
HEIT: High explosive incendiary tracer round
MERADCOM: Mobility Equipment Research and Development Command

PCS: Photon correlation spectroscopy
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